Using pharmacological and chromatographic techniques, it was shown that acetylcholine was present in all organs of both light-and dark-grown mung bean seedings (Phaseolus aureus). The Acetylcholine, given for 4 minutes in the dark, was able to substitute for red light in reducing the formation of secondary roots, inducing increased H+ efflux, and causing the root tips to adhere to a negatively charged glass surface. Acetylcholine-esterase and atropine inhibited the latter phenomenon, whereas eserine inhibited the far red -induced release from glass.
choline functions in mung bean roots as it does in animal systems: by mediating changes in ion flux across cell membranes. It also seems probable that acetylcholine acts as a local hormone which regulates these phytochrome-mediated phenomena.
The photomorphogenic effect on etiolated roots of brief irradiation with red light has been shown to involve an inhibition of the production of secondary roots (11, 33, 36) . This morphological response can be measured 1 day after irradiation and is probably not directly coupled to the photoconversion of phytochrome. In order to determine what steps intervene between absorption of the stimulus energy and the change in the developmental pattern, it is desirable to study a phytochrome-mediated response which occurs much more rapidly. Such a response was recently discovered by Tanada (31). This system, in which redirradiated root tips adhere to a negatively charged glass surface and release during irradiation with far red light, has been characterized in detail (36), and the adhesion has been shown to be associated with, and probably due to, red light-induced development of a positive bioelectric potential which is reversed by far red light (18) . Since the kinetics of development of these bioelectric potentials parallel those of adhesion and release (18) and both occur in the same order of time as total photoconversion of the pigment, it seems that they must be closely related in a causal sense. Therefore, I sought to determine the mecha-I Supported by National Science Foundation Grant GB 7609.
nisms responsible for the bioelectric potentials. Since such potentials arise from the development of an electrochemical gradient across a membrane (29) , experiments were designed to study changes in ion flux between the root tips and the bathing solution. The results of such experiments measuring Hi fluxes are reported here.
In animal systems which involve ion fluxes and sometimes bioelectric potentials, specific local hormones are required for induction (2, 14, 23, 35) . These hormones which are called neurohumors, include acetylcholine, norepinephrine, and 5-hydroxytryptamine. In addition to the well documented effects of ACh2 in animal systems, it also seems to play a role in mechanisms of motility in certain miroorganisms. Thus, it has been shown to be associated with amoeboid movement in slime molds (16) , and the movement of cilia in a number of organisms (6, 20, 30) . It also can be demonstrated to affect salt fluxes across the membranes of red blood cells (23) .
Because a bioelectric potential was induced by light in the root tip system, it seemed appropriate to test the possibility that a neurohumor might be responsible for its generation. Accordingly, experiments were designed to study ACh in the bean roots, and results of those experiments are reported herein.
MATERIALS AND METHODS
Locally obtained seeds of Phaseolus aureus were grown as previously described (18, 36) . Typically, secondary roots of 6-day-old dark-grown or 11-day-old light-grown plants were used for study. One hundred-to 500-mg samples were extracted for the assay of ACh (10) . The tissue was weighed, if possible, and quickly frozen for at least 3 hr. It was boiled in 1.0 to 4.0 ml of artificial sea water for 10 min, ground in a mortar with acidwashed sand or in a hand homogenizer, and centrifuged at about 2000g for 10 min, and the supernatant fluid was recovered as the extract. ACh was measured by bioassay with the abdomenis rectus muscle of the frog (24) and, routinely, with the ventricle of the marine clam, Mercenaria mercenaria (13) , by slightly modifying the technique described by Florey (9) . The ventricle was surgically removed after ligating it at the auricular junctures with lengths of cotton thread. One thread was fastened at the bottom of a perfusion chamber and the other to the end of a lever which operated an electronic strain gauge in circuit with a multiple gain recorder (19) . The apparatus was adjusted so that the threads were held straight and the perfusion chamber was filled with sea water and gently aerated with moist air. In our hands, it was not uncommon for an isolated and perfused ventricle to beat regularly for 7 hr after a recovery period of about M hr. In this system, the effect of ACh is to inhibit the ventricular beat, and this response is fairly specific for it. Assays were done by recording the ventricular beat for about 4 min, then adding 1 volume of the extract of a known concentration I Abbreviations: ACh: acetylcholine; BQ: benzoquinonium chloride.
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FIG. 1. Apparatus for irradiating or pretreating root tips and for measuring Hi efflux. The excised roots (A) were placed in a sandwich made of two glass microscope slides (B) held together with a rubber band (C). The sandwich was placed on end in a plastic cup (D) together with the bathing solution (E) and a small spin bar (F). For the measurement of Ho flux a small combination pH electrode (G) was also held in the cup. The cup was held in place by a plastic block (H) and mounted on a wooden shelf (I), which also served to insulate it from the heat generated by the magnetic stirrer (J). Theentireassembly was mounted inside the irradiation chamber. For irradiating root tips for ACh assay the assembly shown in the insert was used. The sandwiches were held in place so that the 2-mm terminal portion of the tips was submerged in the bathing solution in a shallow depression routed in a Plexiglas block (K). A cylindrical hole in its center held the spin bar. After irradiation, the 2-mm tip ends were cut off and homogenized, and the 3 ml of bath solution were also tested for ACh.
of authentic ACh to 9 volumes of sea water in the perfusion chamber. The amount of ACh in an extract was determined by reference to a standard curve, derived anew for each ventricle from a series of known concentrations of authentic ACh.
The identity of ACh in the secondary roots was determined by several pharmacological and chromatograpbic criteria. In addition to the inhibitory effect on the clam ventricle, the ventricle was perfused with 5 ,UM eserine sulfate, which makes M. mercenaria two to five times more sensitive to ACh or benzoquinonium sulfate, which desensitizes it to ACh (9), as well as atropine sulfate (24) . After responding to the test extracts, the ventricle was perfused with the antagonistic drug, and then challenged once again with the same extracts that had been used before. Some extracts were divided into 2 aliquots, one of which was allowed to react for 30 min with 0.001% horse serum AChesterase (Schwarz Bioresearch, Inc., Orangeburg, N.Y.) in sea water at 25 C. The reaction mixture was then boiled for 10 min, and the ventricle was challenged with both aliquots. Authentic ACh or extracts of 2 g of tissue were chromatographed on Whatman No. 1 paper in a descending fashion. The sample was streaked along the origin and allowed to run 180 mm in either 1-butanol saturated with water, or a mixture of propanolbenzyl alcohol-water (5:2:2).
If the roots had to be either pretreated or irradiated prior to extraction, or when the H+ efflux was being measured, a special procedure was employed (Fig. 1) . Thirty secondary roots, of more than 25 mm in length (36), were positioned side by side on a glass microscope slide with their tips about 1 mm from the end. Another slide was placed over them, covering all but the terminal 2 mm, and a rubber band was wrapped around the slides to hold them together. Two such "sandwiches" were used for each light treatment prior to extraction. The sandwiches were placed at 25 C in a 3.0-ml depression in a Plexiglas block which also contained a tiny spin bar (insert, Fig. 1 ). This assembly was placed on a heat-insulating shelf over a magnetic stirrer in an irradiation chamber which has been previously described (36). A separate sample of 60 roots was used for each irradiation treatment. After irradiation, the 2-mm tips were cut from the roots and frozen for extraction. When pretreatment with some addendum was necessary, a sandwich was made of the required number of roots and submerged in the pretreatment solution. In addition to addenda, all bathing solutions were of the composition previously described (36). In order to measure H+ efflux, two sandwiches, each with 30 roots, were placed in a small plastic cup fastened onto the insulating shelf. In addition to the roots and the spin bar, a small combination pH electrode was submerged in 10 ml of bathing solution (Fig. 1) . The electrode was in circuit with an expanded scale pH meter from which observations were made at 30-sec intervals. In addition to a dark control, red, and far red treatments, the effect of 100 ,M ACh on H+ efflux was tested in the dark.
To determine the morphogenic effect of light and ACh on etiolated plants, seedlings were grown in the dark in Petri dishes on wet filter paper. On the 3rd day after planting, the seedlings were irradiated for 4 min or dipped for 4 min into 100 ptM ACh and then returned to the Petri dishes. Three days later, the number of secondary roots was again counted, and the net number of new roots was computed.
Phytochrome-mediated adhesion and release experiments were performed with etiolated root tips as previously reported (18, 36 46, 1970 The reagents tested were 1 X 10-4% ACh-esterase (9) , 100 ,UM atropine sulfate (24), 5 ,UM eserine sulfate (9) , and 40 /.M or 5 mM ACh. The effects of pretreatment with atropine or eserine on ACh-induced adhesion in the dark were also tested.
All of the irradiation treatments were 4-mmn long and normally were: 4-min dark; 4-min dark + 4-min red; 4-min dark + 4-min red + 4-min far red. In many of the adhesion experiments, a number of cycles of red and far red were observed, both before and after addition of the appropriate reagents. In all cases, the light treatments were saturating for adhesion and release:
50 Aw/cm2-sec at 660 nm; 150 Aw/cm2-sec at 730 nm (36).
RESULTS
Both the abdomenis rectus muscle of the frog (Fig. 2 ) and the ventricle of M. mercenaria proved to be responsive to both authentic ACh and the bean root extracts. However, the ventricle assay was at least two orders of magnitude more sensitive, did not require prior eserinization, and was much more reproducible. Even this bioassay was subject to about a 10% error of reproducibility and, therefore, must be considered semiquantitative. The relative differences between treatments are significant, however, and well within the limits of error. However, there is not yet a good quantitative analytical method for determining ACh at such low concentrations (28) . Figure 3 shows the typical response of a ventricle challenged with ACh. Both the amplitude and the frequency are inhibited, although the relative response of these two properties of the beat varies among ventricles. In our hands, the frequency usually proved to be better correlated with the ACh concentration, but both properties were routinely measured. The dosage response to ACh was log linear within the range of 1 to 10 nM ACh, and a typical curve is shown in Figure 4 . Cardiac arrest occurred at higher concentrations and so samples containing high levels of ACh were appropriately diluted before being tested.
Identification of ACh in the Extracts. The results of a number of experiments indicate that the active principle in the root extracts is ACh. Paper chromatography of extracts or authentic ACh, followed by elution of the various fractions and response of the clam ventricle to challenge by the eluates, shows that inhibitory activity of the extract migrates in a manner very similar to that of the authentic ACh (Fig. 5 ). In the propanolbenzyl alcohol- Authentic ACh or extracts of secondary bean roots. After treatment the roots were frozen, boiled in sea water for 10 min, and homogenized in glass. The homogenate was centrifuged, and the supernatant fluid was introduced to the perfusion chamber containing the ventricle. Rp values of peak inhibitory activity of about 0.15. There was some promotive activity near the middle RF values in both cases, but since it was present in the case of authentic ACh, it is unlikely that the root extracts contain any "anti-ACh" substances. This promotive activity may represent an impurity in the butanol.
Eserine sulfate made the ventricle more sensitive to bean extracts (Table I) and benzoquinonium chloride made it less so (Table II) . Atropine sulfate had much less of an inhibitory effect on the ACh response than did BQ. When a number of samples were tested, the average ACh equivalents before and after treatment with atropine were 212 and 157, respectively. This difference in response to atropine and BQ is typical of the ventricle of M. mercenaira (9) . In both tables, the patterns of sensitization or desensitization are clear. When the extract was allowed to react with ACh-esterase, the inhibitory effect was reduced by an average of 60% (Table Ill) . The amount of AChesterase activity was proportional to the starting amount of ACh in the reaction mixture. This is as expected for an enzymatic reaction. Taking into account the specificity of the ventricle and the enzyme for ACh (7, 9) as well as the diagnostic conditions using BQ, atropine, and eserine, and the chromatographic data, it seems very probable that the active principle in the extracts is ACh. (Table IV) . The results of this experiment indicate that Each datum is the average of five determinations.
DAY OLD DARK GROWN PLANT
the ACh titer is significantly highest toward the apex and less at the base. The effects of brief irradiation on the endogenous ACh in the 2-mm tips of the secondary dark-grown roots are shown in Figure  8 and Table V . The ACh titer more than doubles the dark value after 4 min of red light. At the same time, the ACh efflux from the roots increases. When 4 min of far red light follows the red light, the endogenous ACh goes back down, but the amount of ACh in the bathing solution does not significantly decrease. Figure 9 shows that either 4 min of red light or 4 min of 100 ,Mm ACh will induce better than 50% inhibition of the production of secondary roots. Such a high concentration of ACh was used since it only had 4 min to penetrate the tissue.
In the presence of secondary root tips, red light causes an increase in the amount of H+ in the bathing solution, and this effect is reversed by far red light (Table VI ). The table also shows that ACh can substitute for red light to increase H+. It is highly unlikely that the [H+] changes in the bathing solution are not due to the roots, since when the experiment was done in the absence of roots, no changes were noted. However, it is not yet clear if the appearance of H+ is due to their efflux from the roots or to an exchange reaction in the bathing solution following increased efflux of some other cation such as K+.
The kinetics of red light-induced adhesion of root tips to a negatively charged glass surface and their far red light-induced release is shown in Figure 10 . Five millimolar ACh does not effect adhesion due to red light but does inhibit release to a great Figure 1 . The experiment was done three times and each datum is followed by its standard error. extent. However, this concentration of ACh induces adhesion in the dark, and its rate of induction closely parallels that in red light. A 125 times more dilute ACh addendum decreases the amount of adhesion to 35% of that induced by the original addendum. Therefore, ACh is also photomimetic for red light in the induction of adhesion. The red light-induced adhesion and the far red light-induced release from a negatively charged glass surface are repeatable for at least five irradiation cycles (Fig. 11) .
When ACh-esterase is added to the bathing solution, red lightinduced adhesion is gradually inhibited (Fig. 12) . nature of the response to ACh-esterase is probably due to the time it takes to reach the site of its action. When ACh-esterase was added to the bathing solution and the preparation was held in the dark for 30 min and then run through an irradiation cycle, the response to red light was less than 10% adhesion. It should be noted that ACh-esterase does not inhibit far red light-induced release from a charged glass surface.
When eserine was added to the bathing solution, in the concentration recommended for animal systems (24) , the primary effect was a rapid inhibition of far red light-induced release (Fig.  13) . Eventually a slight decrease in adhesion was also noted. Eserine was not able to induce adhesion in the dark but did sensitize root tips to ACh (Fig. 14) . When a low level of ACh was added alone, about 20 to 30% adhesion was attained in 8 min in the dark. However, if the roots were eserinized for 30 min, the response to the same low concentration of ACh doubled. In addition, a 30-mim pretreatment with eserine significantly increased the early rate of response to red light (Table VII) .
If atropine was added to the bathing solution, there was a rapid inhibition of red light-induced adhesion (Fig. 15) . Atropine 16A) . Atropine changed the amplitude but not the rate of red light-induced adhesion (Table VII) .
DISCUSSION
In elucidating the way in which phytochrome exerts its control of morphogenesis, it is important to separate the very early events that arise directly as a result of photoconversion of the holochrome from later ones. Only by uncovering the very early links in the causal chain will the later events be understood.
Therefore, it should be emphasized that all of the data presented here (excepting the observations on secondary root production) occurred during 4 min of irradiation. Thus, the events reported here can be said to be very closely related in time to the action of the phytochrome itself.
The (1) , tissues of Girardinia helerophylla (27) , leaves, seeds, and roots of Amsonia angustifolia (32), tissues of Digitalis ferruginia (34), and leaves, stems, and roots of Artocarpus integra (22) . It has also been found in numerous microorganisms (21) , as well as in animals. In addition to its participation in the induction of bioelectric potentials, ACh has been implicated in the regulation of ionic fluxes (26) . For this reason, it is currently held that in animal systems ACh acts by changing the permeability of cell membranes to ions (possibly by inducing ion pumps), which may cause bioelectric potentials (26) . Since red light causes both a positive bioelectric potential and increased H4 efflux, and since exogenous ACh also induces the latter, it seems reasonable that ACh acts in mung bean roots in a manner similar to that in animals. Such a supposition is strengthened by the fact that the roots respond to cholinergic drugs in the same way that ACh-sensitive animal systems do. In such animal systems atropine is a competitive inhibitor of ACh for ACh-esterase (24) , and so it is not strange that it inhibits the adhesion induced by ACh or red light but is partially able to substitute for ACh in causing adhesion in the dark. Eserine sensitizes responsive animal systems by being a specific inhibitor of ACh-esterase (7) and thus keeping ACh from being destroyed. Since far red light induces a decrease in the endogenous level of ACh, it may be that far red light induces ACh-esterase activity. In this connection, it should be noted that Bieth et al. (4) have recently shown that ACh-esterase in vitro could be reversibly inhibited by light if the photodynamic inhibitor p-phenylazophenyltrimethylammonium chloride was included in the reaction mixture. They suggested such a mechanism as a possible mediator for photoperiodic phenomena in animals, and it also has certain features similar to the phytochrome phenomenon. Such an hypothesis is supported by the observation that eserine sensitizes root tips both to ACh in the dark and to red light but inhibits release of the root tips by far red light. The action of red light might be to increase the rate of synthesis of ACh, possibly by activating a choline acetylase in the presence of choline and acetyl-CoA (3). This supposition is supported by the observations that ACh is photomimetic for red light in inducing the increase in H efflux and The effect of atropine on adhesion in the dark (A) and on adhesion caused by 2 levels of ACh (B). In B, the root tips were treated for 15 min with 100,UM atropine, rinsed, and then ACh was added to the bathing solution. The average standard error was 5. adhesion in the dark, as well as the significant increase in its endogeneous titer during irradiation with red light. Since the extraction procedure would undoubtedly release all the ACh present (10) , it is likely that the increase of ACh in red light represents synthesis rather than release from a physically bound system. The possibility still remains, however, that ACh is chemically bound (e.g., as a glycoside) in the dark or after far red light, and this hypothesis is currently being tested. The animal systems that are cholinergic are believed to be membrane-bound. Thus, the ACh, acting as a local hormone, is liberated or produced as the result of a stimulus. ACh then seems to act on excitable membranes by increasing the permeability to ions (26) . ACh has both inducible mobility and a causative role in the changes in the root system, both of which are necessary requirements of a hormone. Thus, to effect the responses that have been studied herein, it would not matter just where in the cell the ACh comes from, since it can quickly move the short cellular distances to its target site. In the present case, the target seems to be the cell membrane and the response, the induction of an increase in H4 efflux. It is possible that this Hi efflux is at least partially responsible for the positive bioelectric potential that is developed at the root apex (18) . However, it is also possible that other cations are involved as well. A graphical rendering of my interpretation of these data is presented in Figure 17 . It should be noted that the inhibition of rooting by ACh or red light is presented as occurring parallel to the electrochemical events leading to adhesion and release. However, this is only an operational distinction; and it may be causally related to the development of bioelectric potentials.
Thus, the observations presented here extend the function of ACh as a permeability regulator from animals to at least one eukaryotic plant system. In addition, it provides an explanation of the mechanism by which photoconversion of the phytochrome holochrome might be coupled to both the rapid biophysical responses (17, 18) and the later metabolic (12, 25) and morphogenic responses. Finally, these data are consistent with the view of phytochrome as a membrane-bound system (15, 17, 18) .
